Linking the Water and
Carbon Cycles

Prof. Andy Hodson

Outline
• 1000 – 1045: Introduction
• 1045 – 1100: Coffee
• 1100 – 1200: Data Exercise:
CO2 evasion from River Amazon
• 12 – 1230: Lunch
• 1230: 1400: Field excursion
• 1400 – 1600: Practical Exercise:
Carbon content upland streams
• 1600: Depart

My Expectations
A. Test/feedback for two lesson plans
developed for Water and Carbon
Cycles element of A Level
curriculum
B. Learn about curriculum
implementation from your
perspectives (problems/anxieties)
A. Refine A) based upon B) and plan
any meaningful further actions
(e.g. more case studies)

Dissolved Carbon
• DIC and DOM: Dissolved inorganic and dissolved organic carbon
• What is “dissolved”: operational definition usually everything
< 0.45 µm
• For DIC this works fine because the forms depends upon pH and they are
broadly similar to CO2 molecules in size:

http://www.cotf.edu/ete/modules/waterq3
CO2 + H2O = H2CO3 = H+ + HCO3- = 2H+ + CO32-
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• DIC and DOM: Dissolved inorganic and dissolved organic carbon
• What is “dissolved”: operational definition usually everything
< 0.45 µm
• For DIC this works fine because the forms depends upon pH and they are
broadly similar to CO2 molecules in size:
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• The 0.45 µm size distinction is not useful: many “dissolved” organic carbon
forms are colloidal, with large molecular weights (even living cells)
• Quantifying forms of DOC challenging: mol. wt. classes, light
absorption/fluorescence properties or broad compound classes used
• Therefore, while “colour” makes DOM easily recognisable to students,
analytical difficulty probably precludes lab or field work in schools
• Do you think there is more DOC than DIC in your local streams?
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Fizzy water
• Cole and Caraco (2001): world’s
major rivers are super-saturated
with CO2
• Sources: the atmosphere, soil
microbial respiration, aquatic
microbial respiration, photolytic
production and mineral weathering
• The production of inorganic carbon
(CO2 and HCO3) by biotic and
abiotic processes is a major sink of
DOM
• Rivers then release their “excess”
to the atmosphere and the rest is
carried to the oceans (for burial or
assimilation or release to
atmosphere)

(Cole and Caraco, 2001)

Riverine carbon transfer:
a Himalayan Case Study
• Rivers transport DIC derived from the
chemical weathering of Earth’s rocks.
Much of this can be from the
atmosphere, so do these fluxes
influence our climate?

www.eosnap.com

Riverine carbon transfer:
a Himalayan Case Study
• Rivers transport DIC derived from the
chemical weathering of Earth’s rocks.
Much of this can be from the
atmosphere, so do these fluxes
influence our climate?
• The answer is “yes” - weathering exerts
a long-term control upon Earth’s
atmospheric CO2. Read: Berner, 1990
• Further, physical erosion enhances
chemical denudation, turning
mountain ranges into continental-scale
carbon pumps
• For this reason the Himalayas has
received significant research attention

www.eosnap.com

The Himalayas
• A 50 million year old crash scene
• Monsoon and uplift: a recipe for
chemical weathering. Read Raymo
and Ruddiman (1992)
• Glaciation: erosion of rock to
produce reactive, fine mineral
surface.

The Himalayas
• A 50 million year old crash scene
• Monsoon and uplift: a recipe for
chemical weathering. Read Raymo
and Ruddiman (1992)
• Glaciation: erosion of rock to
produce reactive, fine mineral
surface.
• Weathering is enhanced by acidity.
One of the key acid sources is
carbonic acid. The more it is used
the more CO2 is removed from the
atmosphere
• These are called “carbonation
reactions”

Carbonation reactions
• Goudie and Viles (2012) explore the importance of tectonics and
geomorphology for these CO2 fluxes and show how warm climates in basalt
terrain have far greater CO2 drawdown rates, but Himalayas important
• Hodson et al (2000) also found rock type important, but carbonates as
reactive as basalt when effect of runoff volume accounted for
• More basalt rocks being exposed to physical and chemical weathering in the
tropics would therefore mean lower atmospheric CO2 levels

Long-term (silicate-only) CO2 drawdown

A mass balance model for Himalaya
weathering and carbon cycling
• Complications in calculating
source of carbon in Himalayan
rivers included “metamorphic
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A mass balance model for Himalaya
weathering and carbon cycling
• Complications in calculating
source of carbon in Himalayan
rivers included “metamorphic
CO2” (burial of organic C-rich
sedimentary rocks in collision
zone resulting in metamorphosis)
• This was the last flux to be
considered, and it was found
to exceed CO2 drawdown by
several times in the
Himalayan foothills
• So, in spite of a very promising initial concept by Raymo and Ruddiman (1992),
it appears the Himalayas are in fact a net source of CO2!
• The debate continues because the mass balance terms still have large errors.
Read: Gaillardet and Gaily, 2008

CO2 outgassing from rivers (evasion)
• Outgassing is rapid (enhanced by turbulence) and can be an important
landscape CO2 pathway (especially if terrestrial ecosystem is a net sink: Hope et
al, 2004)
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CO2 outgassing from rivers (evasion)
• Outgassing is rapid (enhanced by turbulence) and can be an important
landscape CO2 pathway (especially if terrestrial ecosystem is a net sink: Hope et
al, 2004)
• The most impressive study so far has been
the Amazon Basin

(Hope et al, 2004)

Amazon outgassing
case study: Richey et al (2002)
• Novel estimation of:
i) stream surface area by remote sensing
ii) CO2 super-saturation in 1800 water samples
iii) Gas diffusion flux (F) model:
F=K(Cs-Co)
Cs = concentration, Co is the equilibrium
concentration and K is exchange coefficient

Amazon outgassing
case study: Richey et al (2002)
• Novel estimation of:
i) stream surface area by remote sensing
ii) CO2 super-saturation in 1800 water samples
iii) Gas diffusion flux (F) model:
F=K(Cs-Co)
Cs = concentration, Co is the equilibrium
concentration and K is exchange coefficient
• Results: 1.2 Mg C ha-1 a-1 or 0.5 Pg C a-1: more
than 10 times riverine input of organic C to the
sea
• What factors govern K?
Wind, temperature and turbulence
Quantified with tracer gas additions but do you
think it was possible to conduct enough of them
for this system?

Synthesis

Synthesis
• Organic carbon and inorganic carbon budgets are intricately
linked: even over geologic time scales.
• Measuring inorganic carbon in schools is far easier than
measuring organic carbon
• Key message: Weathering is a crucial sink for atmospheric CO2,
but even the monsoon fails to cause more net CO2 removal
(0.07 Pg C a-1) by weathering than the CO2 evasion from big
rivers in the tropics (e.g. 0.5 Pg C a-1 in the Amazon)
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of organic matter transported by rivers from soils/wetlands.

Synthesis
• Organic carbon and inorganic carbon budgets are intricately
linked: even over geologic time scales.
• Measuring inorganic carbon in schools is far easier than
measuring organic carbon
• Key message: Weathering is a crucial sink for atmospheric CO2,
but even the monsoon fails to cause more net CO2 removal
(0.07 Pg C a-1) by weathering than the CO2 evasion from big
rivers in the tropics (e.g. 0.5 Pg C a-1 in the Amazon)
• The CO2 evasion represents the fate of a significant proportion
of organic matter transported by rivers from soils/wetlands.
• The next exercise will therefore involve a data exercise using
the Amazon study

Carbon inventory for planet Earth

• Carbon on Earth is dominated by lithospheric
(rock) stores with long residence times due to
the pace of the erosion cycle and the greater
recalcitrance of kerogen (e.g. bitumen)

Falkowski et al, 2000
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Carbon inventory for planet Earth

(Janzen, 2004)

• Carbon on Earth is dominated by lithospheric
(rock) stores with long residence times due to
the pace of the erosion cycle and the greater
recalcitrance of kerogen (e.g. bitumen)
• Terrestrial ecosystems dominated by soil organic
matter (SOM): vulnerable to erosion
• Dissolved inorganic carbon (DIC) dominates in
the oceans and is 50 times that of the
atmosphere. Most of it is at depth.

Falkowski et al, 2000

Soil Organic Matter (SOM)
(http://www.treepower.org/soils/)

•

•

Labile pool: carbs., amino acids,
proteins: all rapidly recycled by soil
microorganisms
Recalcitrant pool: humus (residual,
broken-down and stable OM) and
carbonised forms (e.g. black carbon)
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•

•

Labile pool: carbs., amino acids,
proteins: all rapidly recycled by soil
microorganisms
Recalcitrant pool: humus (residual,
broken-down and stable OM) and
carbonised forms (e.g. black carbon)

• Soil is now referred to the “Critical
Zone”: a fragile skin often < 1m thick
that supports life on Earth
• Essential reading: Anderson et al,
2007; Chorover et al, 2007
(Elements Special Edition 2007), or
http://www.czen.org/biblio
• Watch the Sheffield CZ expert:
http://www.youtube.com/watch?v=RIhU3FxfbMM

Carbonation reactions in the
Himalayas: the river flux approach
• Chemical weathering: complex set
of equations. Read Hodson et al
(2000).
• Transient versus long-term CO2
drawdown. Long term is less due to
marine carbonate precipitation –
which reverses equation 2

Transient CO2 drawdown
(1)

(2)

• Atmospheric CO2 removal is the product of riverine runoff times the
concentration of HCO3 derived from 50% of (Ca+Mg) silicate weathering
and all (Na+K) weathering.
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Transient CO2 drawdown
(1)

(2)

• Atmospheric CO2 removal is the product of riverine runoff times the
concentration of HCO3 derived from 50% of (Ca+Mg) silicate weathering
and all (Na+K) weathering.
• Complications: substitutions between (Ca+Mg) and (Na+K) and separating
carbonate-derived (Ca+Mg) from silicate-derived (Ca+Mg)!
• Also not all carbonic acid directly from atmosphere (microbial respiration
of OM, metamorphic CO2). More on this later.

